United States Patent

US010209070B2

(12) 10) Patent No.:  US 10,209,070 B2
’ ’
Geisberger 45) Date of Patent: Feb. 19, 2019
(54) MEMS GYROSCOPE DEVICE 8,813,564 B2  8/2014 Acar
8,833,162 B2 9/2014 Seceger et al.
(71) Applicant: FREESCALE SEMICONDUCTOR, 2013%%3%%2; i% é/{ %8 g iﬂzzaﬂlgﬂ et al.
: 1 cdar
INC., Austin, TX (US) 2014/0116135 Al 52014 Cazzaniga et al.
(72) Inventor: Aaron A. Geisberger, Austin, TX (US) FOREIGN PATENT DOCUMENTS
(73) Assignee: NXP USA, Inc., Austin, TX (US) mp 1246137 Al 3/2015
(*) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35 OTHER PUBLICATIONS
U.S.C. 154(b) by 225 days. Prandi et al., “A Low-Power 3-Axis Digital-Output MEMS Gyro-
_ scope with Single Drive and Multiplexed Angular Rate Readout,”
(21) Appl. No.: 15/172,429 ISSCC 2011, Session 6, Sensors & Energy Harvesting 6.1, 3 pages.
4 Seeger et al., “Development of High-Performance, High-Volume
(22)  Filed: Jun. 3, 2016 Consumer MEMS Gyroscopes,” http://robotics.eecs.berkeley.edu/
(65) Prior Publication Dat ~pister/147tal4/Papers/Nasir1.pdf, 5 pages.
rior Publication Data
US 2017/0350701 A1 Dec. 7. 2017 * cited by examiner
(51) Int. Cl Primary Examiner — John E Chapman, Jr.
GOIC 19/574 (2012.01) 57 ABRSTRACT
GOIC 19/5747 (2012.01) (57)
(52) U.S. CL A microelectromechanical system (MEMS) gyroscope
@) GOIC 19/5747 (2013.01)  device includes a substrate having a surface parallel to a
(58) Field of Classification Search plane; first and second proof masses driven to slide back and
CPC GO1C 19/574 forth past one another 1n a first directional axis of the plane,
USPC. ................................................... OO where the first and second proof masses respectively have a
Qoo apphcaﬂonﬁleforcompletesearchhlstory | first and second recess in a respective side closest to the
' other prool mass; a pivot structure coupled to the first proof
(56) References Cited mass within the first recess and to the second proofl mass

U.S. PATENT DOCUMENTS

GO1C 19/5747

73/504.12
GO1C 19/574

73/504.14

8,443,668 B2* 5/2013 Ohms

iiiiiiiiiiiiiiii

8,549919 B2* 10/2013 Gunthner

iiiiiiiiiiiii

within the second recess; an anchor between the first and
second recesses and coupled to a mid-point of the pivot
structure; and third and fourth proof masses driven to move
toward and away from one another in a second directional
axis ol the plane that 1s perpendicular to the first directional
axis; where the prool masses move 1n response to angular

8789416 B2  7/2014 Rocchi velocity 1n one or more directional axes.
8,794,067 B2* 8/2014 Schmid ................ GO1C 19/574
73/504.12 15 Claims, 11 Drawing Sheets
T80 140) o) 1~ 0
i | f \ ] i
1061 106(2
Jﬂ 116(1) L l 16 IL
| oS4 11207 122(2
102< "i"ﬂ _ _ i) 12z F
1 i I
. 152 g 116(4 %
|
i e e I L e X [
g{” ) YF\_E 14003) . | 12
' 1 108 | 108()
3 E
i %) | 1| 10 i
1441 = 144(2
N 1agn Q = 13&51]_:‘: ‘/( } s
= 12801 JI=Ipat=reet 80| | 1280 =
AT I b 159 N - 122) T
= ) WA, — .
_ !,.»145(21 ﬁ;a‘-_' T '?‘-ﬂ 148(4) Ny
| - 136(2) 138(4) -
126(2) | "‘*-—141:1(2)

140(4)--—f‘I‘"“""““'“'“““'“""““:l 126(4)




US 10,209,070 B2

Sheet 1 of 11

Feb. 19, 2019

U.S. Patent

{2821

A

+
-
L

AN NMNM N IFNENFENITEF

ey

{21801 -

pin -l Sl b anl aul

Il _mi el o " ol

K

{00
et !

Lz (owis v.&

il el Tl W H HE T HE T ST ST

ol ake k™ T Tl

&+,
&+,
od
d
o
K
.
"
Ll
+

A. W . \*\hﬁl o T T Y T
W ﬂw wvri!

X

E_ & B B F P 8 8 B 2 3 3 T 3

izl (bni~gp

e R,

€Y

e

LR

b ik

g
e R

i

y
YATA )

(Lzp

L

[
a4
4
a
a
a
4
4
1
4
4
4

(e —7

LS

{1182}

bbbl

il yir

+++++++++++++++++

fhred!

b B i e e e o e

> 04

e '’ ey e g g

'




US 10,209,070 B2

Sheet 2 of 11

Feb. 19, 2019

U.S. Patent

+ + + + + F & F + o+ FFFFEFFFEFFEFEFFEFEFFEFEFFEFEFFEFEFEFEFEFFEAFEFEFEFEFEFEEFEFEFEEFEEFEEFEEFEFEFEFEFEFEFEFEFEFEEFFEFEFEFEFEFEFEFEFEFEFEFEFEFEFFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEF A F

) W,
m

*+ + + + + + F F FFFFFFFFEFFFEFFFEFFFEFFEFEFFEFEFFEFEFEFEFEFFEFEFEFEFEFFEFEFEFEFEFEFEEFEFEFEEFEFEFEFEFEFEFEFEFEFEFE A FE A FE

LI B N B BN N B N N N NN B N

ATA

* + + F + + F F FFFFFEFFFEFFFEFFFEFFFEFFFEFFEFEFFEFEFEFEFEFFEFEFFEFEFFFEFFEFEFFFEFFFEFEFEFEFFEFEFFFF

LN B NN B N I I )

e

m.ﬂ-———'—-m
s
<
™

+ + + F+ + + F o+ FFFFEFFFEFFFEFEFEFEFEFEFEFEFEFEFEFEEFEFEFEFEFEEFEFEFEEFEFEEEFEFEEEFEEFEEFEEEEFEEEEEFEEFEEFEEEFEEFEFEFEFEFEFEFEFEEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEEFEFEEEFEEEEFEEFEFEEEEEEEEEEE T

+ + + F+ + + F F F FFFFFFFEFFEFEFFFEFFEFEFFEFEFFEFEFFEFEFFEFEFEFFEFFEFEFEFEFEFFEFEFEFEFEFFEFEFEFEFEFEFEFE A FE

%

+ + + + + + + + + + + + + + + + F + + F +F + F F FFF A FF A FFAFFFAFFAEFFAFEFFAEFFEAFEFEFEAFEFEEFEFS

+



U.S. Patent Feb. 19, 2019 Sheet 3 of 11 US 10,209,070 B2

o]
1ol
iy e
Cnf
L
O
i
-
L2
P il
'IEH'H!-'
Ty
=
£ Y S
epmaynr mqﬁ-
ST T
£

FIG. 3



U.S. Patent Feb. 19, 2019 Sheet 4 of 11 US 10,209,070 B2

et

w A, S,
™ T o= Yy
er? L

llllllllllllllllllllll

F1G. 4



U.S. Patent Feb. 19, 2019 Sheet 5 of 11 US 10,209,070 B2

&3
&= E %
z | g
~ | i =
A g | )
— : &
= s
|
;
E
. | I
. E
o ; .
E
|
-1

TR W WO R ORI RN ENUNOREN W st SRR CRENENER e K CutrEEh MRS NNt ERCREWEY NN sl PN RN NN e

= %
=g
Gt Coe?
L X g
b
Lod
K g
s e o cmeme meme e rems en e comes e e e e e e semes e e ems e e e oo i
oL
-,
;........
<
oy
.
j £
b

FI1G. 5

7 (SENSE)



U.S. Patent Feb. 19, 2019 Sheet 6 of 11 US 10,209,070 B2

g - e { R Ry e,
i & N RN =Y s
Sl B SE) = | o | oo
32 L5 Ly L&
4 E 3 = s -
f. ; E %
: E !
2. : E -~
Lok -
~F- : | F
e
) b |
o3 -\
=2 T E
P &= E
32>
: E
| :
e e e e e e e e e e e e e e e e e e e e e e e A
(it
=
e
-3
> el
-
%ﬂn i S
5 B S %
) / & Z = =z
| P L33 i ol
- 25 - 23
Poud £ -
o



US 10,209,070 B2

Sheet 7 of 11

[3SNIS) Z

(NOUYIOM X

Feb. 19, 2019

(AN A

L DA

U.S. Patent



U.S. Patent Feb. 19, 2019 Sheet 8 of 11 US 10,209,070 B2

T, it
= Pl
- -
—— frnme
< g
oo -
». %
X, iy
ety g
N Y ikt
K33 2 i g8 -l
2 - = P
LLi L L L
2 uesattl i Ceaitil
Y, S e i T . — I "™
o e 2
e ol -~
s g A
Lo P - e
Eﬁ-&% % !
<L | d :
o e ¢
bl T :
AN P i im
25 s 3 e
&5 £ £y
3 g !
Y, Y J
{_.
£
vy
o3
st il ¢
e mmn :
m'" %
E. 15 :
e, by,
g x
i N 4‘“"&—-.-:?*
L Lo
Loy Tome?
L 23
o3
~—
o3 !

FIG. 8
FIG. 9



S. Patent Feb. 19, 2019 Sheet 9 of 11 S 10.209.070 B2

(DRIVE)

(
1

by ille st il B
e q: * F A F P FFFFL A FYFFTFFLFFPFAF T A FYFFF Y S FAF S FAFFE A S

-

+
L]
w B B R o Bl B ok ol ok B f B f ok B Bl ok Bk B ok B ok ok Bk Bl b 0o Bl ok B bk B Bl a0 A a
-
M . LS +
‘ My *
+
o
.
I, L
e +
T | - . K
FE rFrT T &ET 8T FYT AT EE T FEET LY TREYT R TR . "
+ d +
+
o . -
" -
L L] T
L] +
+* L +
- r F 4
h Ll
+ +
+ +
= -
- -
L +
+ L]
+ L -
. '
- A -
-
L
1] + +
.
- -
Tn-l . . .
L +
L 1
+ 4+
. .
= -
L +
+ + 2l
- + +
T—;ﬂ-ﬁ - o + *
-
L L] +
L L] +
- + L
- . o
- "
L +
+ + +
* +- [ -
- = ¥
F [
L +
+* +*
- - +
T *
] +
+ +
+ + +
- .
* -
L
+ -
L -+ 4
.
9 d
+ L] +
- 1
- -
L
+ +
+ - +
.
-
+ +
. Rl T +
L]
-
+
H +
skt s R
+
"
+
LI
L
T
L

" 4 m E 4 % 4 m S 4 ® 4 B p L Em {f R E L E B L E LB L L m L B S 4 5 4 B pF 4 8 =R P4 S A EE L E AL E L RS
-

4

e W
[ ]
+
A
L]

+ + 1 ¥+ + ¥ + 1 + 4+ + F + + + + F + ++ +F + + 2 & 1 & +2 &4 4+ + F + ++ +F % ++ 4+ ++ +4 + ++ + 4+

+ + F ¥ FF A FrF L+ FAd A A F A S A FFFFEFF A EF LAt FA A S R F

+ ¥+ + A+ d 4 F+FdF+ FhFdFFE A FEFA A A A A A A A F A A+ Fd AR A A A A F A

o+ A+ FF S F N+ T Fh A A FAF S F PR FAFFEF R A E A A F A

b+ =4+ FF+ P FEF AT

N NCACRERCONEN NG SRR K RO O O e eOEeeioecl e e e

=2 s R R
F + & + d + + b+ A+ FAdFdF A+ rh A+ A AR A A+ A A FAd R FF A F A A Fd R+ AR A FAdFd A

+ + + A4 + + 4 FFF Fh A FDF A FFFAFPEF A FEF D D F L F A AR+ F

+ + F &+ 1 & + F &+ 1 & & F & & & & F & &+ 2 & 8 & + F + 4+ + F & &4 + 8 & & F & § & & & F 44+ & & F 4 4+ =8 & 4 &

L B NN N R RN EE N LB NENBENENI]

&

W




US 10,209,070 B2

Sheet 10 of 11

Feb. 19, 2019

U.S. Patent

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
[

08 (7800 11808
. [ZI801 021 ghLL~
(NOLLYLOM) A
1904
(AN X
MR nnnmnnneanneannnnsannsnnnn

018 (Z)808 . - {1)8g- . _
(36N38) 7 E A

]

M G ﬂ 0 -

Z Wuwu_.ha mw Mﬂ Tt e e e T L Y I R T . B B I B T T B S
F
:

(30 X [

i~
T
(38NT8) 7 .



S. Patent Feb. 19, 2019 Sheet 11 of 11 S 10.209.070 B2

(ROTATION)

= F " Fw FrFw®WrFr®F-r® s F®" 9% " @9 Fa2aTa TS TATSE TS WS ®RSAT®WE W R

4 R o4 R 4 R R 4 R 4 R A m AR AR aoEoaomoa 4

»
+ d + d + ¥ b rF+ 4+ d ot o+ o+

.
P N A S R S N R L NN

+ b 4+ d + d +

n + b+

-+
s a2 nnd ann

+
+
*
+
*
+
*
+
*
+
-
+
+
+
*
+
i
+
¥
+
*
+
1
+
1
+
1
*
1
+
1
+
1
+
1
*
1
+
1
+
1
+
+
*
+
+
+
+
+
+
+
*
+
+
+
+
+
+
+
*
+

* + + + + + 4 FhoFhoFAFF S FFFTFFAFAFAFAFAFAFAFAFAFAFAFAFAFAF A FFE R FF

2}

= F = F % 8 & F + %1 + 81 4+ F

LN N N N RO I DO DB N I N B L B N I N N D B R N N NN N DL N N RO N N L B DO DO N DO N RO N DL B BN N R N N R N N RN N BB N

+ = 4 F F & & K 4 4 = F F & F & F &+ F 8% F &+ F 581 + 8 & 8 4+ 8 + 8 & 8 & = & § & & & § & % & & F & & =4 5 F &+ 5 F +

T F T F T F T F®W FT FrTTFrET rE - rE rE raS rY r-rE FY FE Fr 3 FETY TS FSTETETE T ETET AT FT FT

F P+ 4+ + F 1T+ FFT T T YA T A YA PR R Y AT A1t
i L L - - P T, e L o P I I, P L . P B L A A N R A N N PN N N A N A N N L R R A AN N N - N P N NN A A NI

oy il W i

- f & 2 f 8 £ 5 1 8 % 5 1. & "L E 1L E T E L E L E L ® L ¥ L 8 4 8 L E AN L B L 8§ 4L B L gL § Ly L RS A

®

* F + F + F + F % F + F + 1 & F &+ 01 &+ 0 + 81 + 1 4 1 4+ 1 &

F = F & 4 4

+
+
*
*
t
*
*
*
+
*
*
*
+
*
€
*
-
*
€
*
-
*
L
*
-
*
+
*
-
*
T
*
L
*
*




US 10,209,070 B2

1
MEMS GYROSCOPE DEVICEL

BACKGROUND

Field

This disclosure relates generally to microelectromechani-
cal systems (MEMS), and more specifically, to a MEMS

device having a drive structure movable 1n three axes.

Related Art

Microelectromechanical systems (MEMS) devices are
widely used in applications such as automotive, inertial
guidance systems, household appliances, protection systems
for a variety of devices, and many other industrial, scientific,
and engineering systems. Such MEMS devices maybe used
to sense a physical condition such as acceleration, angular
velocity, pressure, or temperature, and to provide an elec-
trical signal representative of the sensed physical condition.
MEMS sensor designs are highly desirable for operation 1n
high gravity environments and in minmiaturized devices, and
due to therr relatively low cost.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

The present invention may be better understood, and its
numerous objects, features, and advantages made apparent
to those skilled 1n the art by referencing the accompanying,
drawings.

FIG. 1 illustrates a block diagram depicting a top-down
view of an example MEMS device in which the disclosure
1s 1mplemented, according to some embodiments.

FIGS. 2 and 3 illustrate block diagrams depicting top-
down views of example pivot structures of a MEMS device
in which the disclosure 1s implemented, according to some
embodiments.

FIG. 4 1llustrates a block diagram depicting a top-down
view of example common mode drive spring structures of a
MEMS device in which the disclosure 1s implemented,
according to some embodiments.

FIGS. 5§ and 6 1illustrate block diagrams depicting top-
down views of example components of a MEMS device 1n

which the disclosure 1s implemented, according to some
embodiments.

FIGS. 7, 10, and 13 illustrate block diagrams depicting
top-down views of example prool mass movement 1 a
MEMS device in which the disclosure 1s implemented,
according to some embodiments.

FIGS. 8,9, 11, and 12 1illustrate block diagrams depicting
cross-sectional views of example proof mass movement 1n a
MEMS device 1in which the present disclosure 1s 1mple-
mented, according to some embodiments.

The present mvention 1s illustrated by way of example
and 1s not limited by the accompanying figures, 1n which like
references indicate similar elements, unless otherwise noted.
Elements i the figures are illustrated for simplicity and
clarity and have not necessarily been drawn to scale.

DETAILED DESCRIPTION

The following sets forth a detailed description of various
embodiments mtended to be 1llustrative of the mnvention and
should not be taken to be limiting.

Overview

One particular type of microelectromechanical systems

(MEMS) device that 1s used 1n a variety of applications 1s a
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2

gyroscope. Typically, a MEMS gyroscope includes (among
other component parts) one or more movable elements, also
referred to as proof masses. In an example MEMS device, a
prool mass 1s resiliently suspended above a substrate by one
or more compliant torsion springs and 1s driven by a
frequency to vibrate 1n a given direction, referred to herein
as the drive direction. When the proof mass experiences
angular velocity, or rotation about an axis (also referred to
herein as the rotation direction), that 1s perpendicular to the
drive direction, the torsion springs enable movement of the
prool mass 1n a sense direction that 1s orthogonal to the drive
direction and the rotation direction. Generally, electrodes are
placed to detect the movement of the proof mass in the
orthogonal sense direction. For example, as the proof mass
moves closer or farther away from an electrode, the capaci-
tance between the proof mass and the electrode changes,
which 1s measured and may then be converted into an
clectrical signal having a parameter magnitude (e.g., volt-
age, current, frequency, etc.) that i1s proportional to the
movement in the rotation direction.

The present disclosure provides embodiments of a MEMS
gyroscope device that 1s movable 1n three axes to measure
angular velocity 1n three axes. The present disclosure pro-
vides for two pairs of proof masses that are parallel to a
plane of a surface of an underlying substrate (e.g., the two
pairs of proof masses lie in-plane). The first pair of proof
masses are driven to slide back and forth past one another in
a first m-plane directional axis (e.g., 1n the Y-directional
axis), while the second pair of proof masses are driven to
move toward and away from one another (e.g., tuning fork
vibration) 1n a second in-plane directional axis (e.g., in the
X-directional axis) perpendicular to the first in-plane direc-
tional axis. It 1s noted that the drive motion of each proof
mass relative to one another 1n a given pair 1s 1n anti-phase,
or 1n opposing directions from one another (e.g., one proof
mass of the pair moves 1n a positive direction of a directional
axis, while the other proof mass of the pair moves 1n a
negative direction of the directional axis).

As the first pair of proolf masses experience angular
velocity 1n the second 1n-plane directional axis, the first pair
of proof masses move 1n an out-of-plane directional axis
(e.g., 1n the Z-directional axis) that 1s orthogonal to the first
and second in-plane directional axes. As the second pair of
prool masses experience angular velocity in the first in-plane
directional axis, the second pair of proof masses move 1n the
out-of-plane directional axis. As the second pair of proof
masses experience angular velocity in the out-of-plane
directional axis, the second pair of proof masses move 1n the
first in-plane directional axis.

In some embodiments, the present disclosure also pro-
vides for structures to reduce or suppress common mode
drive motion, including pivot structures and several four bar
linkages, as further discussed below. These structures
improve the sense efliciency of the MEMS gyroscope
device, where the structures maintain a substantially parallel
orientation of a prool mass to an underlying electrode. In
some embodiments, the present disclosure also provides for
linking bars that couple the in-plane drive motion of the first
pair of prool masses with the m-plane drive motion of the
second pair ol prool masses. In some embodiments, the
present disclosure also provides that in-plane drive motions
of the prool masses have a single drive frequency. In this
manner, the present disclosure provides embodiments of a
MEMS gyroscope device that has a compact design due 1n
part to the drive motion of the pairs of prool masses being
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in perpendicular in-plane directions and the sense motion of
the pair of prool masses for two axes in an orthogonal
out-of-plane direction.

EXAMPLE EMBODIMENTS

FIG. 1 illustrates a block diagram depicting a top-down
view ol an example MEMS device 100 including a gyro-
scope (also referred to as a MEMS gyroscope device 100) 1n
which the disclosure 1s implemented. In the embodiment

shown, MEMS device 100 includes two pairs of proof

masses 106(1)-(2) and 108(1)-(2), actuators 122(1)-(2) and
128(1)-(2), sense structures 138(1)-(2), and various struc-
tures including torsion springs (also referred to as springs),
bars (which may be straight bars or bent bars like an
L-shaped or 90° bent bar, a 45° bent bar, or bars bent at other
degree angles), and anchors, as further discussed below.

MEMS device 100 also includes sense electrodes, which are
turther discussed i1n connection with FIG. 5-13. Other
embodiments of a MEMS gyroscope device may also
include different or additional embodiments of structures,
such as pivot structures and common mode drive spring
structures, which are further discussed in connection with
FIG. 2-4. Additional or fewer components may be present 1n
other embodiments.

The components of a MEMS device, like the embodiment
shown 1n FIG. 1, are formed on and over a surface of a
substrate (e.g., shown as 810 1n FIG. 8). The substrate may
be implemented as a semiconductor substrate, which can be
any semiconductor material or combinations of materials,
such as gallium arsenide, silicon germanium, silicon-on-
insulator (SOI), silicon, monocrystalline silicon, the like,
and combinations of the above. The components of a MEMS
device, like the embodiment shown in FIG. 1, may be
produced by utilizing current and upcoming micromachin-
ing techniques of depositing, patterning, etching, and the
like. It 1s noted that while the components of a MEMS
gyroscope device discussed herein may be illustrated as
separate components, 1t should be understood that such
components may be formed from a single block of semi-
conductor material (which may be formed by one or more
layers of semiconductor material) and do not necessarily
have physical borders or boundaries delimiting one compo-
nent from another at an 1illustrated connection point or
junction. One component that 1s “attached” to another com-
ponent may also be referred to as being “connected” or
“101ned” to another component at the illustrated connection
point or junction. It should be turther understood that the use
of relational terms, 11 any, such as first and second, top and
bottom, and the like are used to distinguish one from another
entity or action without necessarily requiring or implying
any actual such relationship or order between such entities
or actions.

The substrate surface 1s parallel to an X-Y plane having
an X-directional axis and a perpendicular Y-directional axis.
It 1s noted that “in-plane” movement refers to movement
relative to the X- and Y-directional axes, while “out-of-
plane” movement refers to movement relative to a Z-direc-
tional axis that 1s normal to the x-y plane. The X-Y plane 1s
parallel to the page of FIG. 1, while the Z-directional axis 1s
normal to the page of FIG. 1.

In some embodiments, prool masses may also have open-
ings or holes formed through them (e.g., 1n an out-of-plane
direction) to ensure that an etchant reaches one or more
sacrificial layers under the proof masses during production

of a MEMS device like that shown in FIG. 1, where the

10

15

20

25

30

35

40

45

50

55

60

65

4

ctchant removes the sacrificial layer(s) and structurally
releases the components of the MEMS device.

Proofl masses 106(1)-(2) and 108(1)-(2) are each posi-
tioned 1in space above the surface of the substrate and are
cach parallel to the X-Y plane. Proof mass 106(1) 1s laterally
adjacent to proof mass 106(2) in the X-Y plane, and proof
mass 108(1) 1s laterally adjacent to proof mass 108(2) 1n the
X-Y plane. It 1s noted that “laterally adjacent” proof masses
indicates that the two proof masses are next to one another
without an 1ntervening prool mass between them. In some
embodiments, proof masses 106(1)-(2) and 108(1)-(2) lie 1n
a common plane that 1s parallel to the substrate surface (as
well as to the X-Y plane discussed above).

In the embodiment shown 1n FIG. 1, the pair of proof
masses 106(1)-(2) are also laterally adjacent to the pair of
proof masses 108(1)-(2) in the X-Y plane. For example, each
prool mass 1s 1llustrated as being 1n a respective quadrant of
the X-Y plane, where proof masses 106(1) and 108(1) are
laterally adjacent to one another, and proof masses 106(2)
and 108(2) are laterally adjacent to one another. Put another
way, as viewed from a top-down view like that shown in
FIG. 1, each proof mass has a side closest to 1ts paired proof
mass and a perpendicular side closest to one of the other pair
of proof masses. For example, proof mass 106(1) has a first
side closest to its paired prootf mass 106(2) (shown as a side
parallel to the positive Y-directional axis) and a second side
closest to proof mass 108(1) (shown as a side parallel to the
negative X-directional axis), where the second side 1s per-
pendicular to the first side. Stmilarly, proof mass 108(2) has
a first side closest to 1ts paired proof mass 108(1) (shown as
a side parallel to the negative Y-directional axis) and a
second side closest to proof mass 106(2) (shown as a side
parallel to the positive X-directional axis), where the second
side 1s perpendicular to the first side.

Proof masses 106(1)-(2) and 108(1)-(2) are known quan-
tities of mass that are used to detect angular velocity, or
rotation about an axis, 1n one or more directional axes. In the
embodiment shown in FIG. 1, proof masses 106(1)-(2)
detect angular velocity in the X-directional axis (which 1s
turther discussed below 1n connection with FI1G. 7-9), while
prool masses 108(1)-(2) detect angular velocity in the Y- and
Z-directional axes (which 1s further discussed below 1n
connection with FIG. 10-13). In other embodiments, proof
masses 106(1)-(2) and 108(1)-(2) may detect angular veloc-
ity 1n different directional axes, such as where prool masses
106(1)-(2) detect angular velocity 1n the X- and Z-direc-
tional axes, while proof masses 108(1)-(2) detect angular
velocity 1n the Y-directional axis. Other embodiments may
include either proof masses 106(1)-(2) or proof masses
108(1)-(2) independently operating as a sensor to detect
angular velocity about a single X-, Y-, or Z-directional axis.

Prool mass 106(1) includes recess 142(1) in the side
closest to 1ts paired prool mass 106(2), and proof mass
106(2) includes recess 142(2) 1n the side closest to its paired
proof mass 106(1). Proof mass 108(1) includes recess 144
(1) 1n the side closest to its paired proof mass 108(2), and
proof mass 108(2) includes recess 144(2) 1n the side closest
to 1ts paired proof mass 108(1). As referred to herein, a
recess (such as recesses 142(1)-(2) and 144(1)-(2)) 1s a
cavity or void or indention or a volume of space located on
an edge of the proof mass’ outer perimeter that 1s parallel to
the X-Y plane (where the outer perimeter includes the outer
sidewalls of the proof mass, as viewed from the top-down
view 1n FIG. 1), within which the proof mass 1s absent. A
recess extends through the proof mass to the top and bottom
surfaces of the proof mass that are parallel to the X-Y plane,
and includes at least three sidewalls. Various structures are
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also formed within a recess by a number of openings through
the prool mass, where the structures attach to sidewalls of
the recess. It 1s also noted that recesses 142(1)-(2), as well
as any structure formed within or between the recesses
142(1)-(2), like a p1vot structure or an anchor, are formed by
a number of openings 1 and through proof masses 106(1)-
(2). Stmilarly, recesses 144(1)-(2), as well as any structure
formed within or between the recesses 144(1)-(2), are
formed by a number of openings in and through proof
masses 108(1)-(2). Such openings are further discussed
below 1n connection with FIGS. 2 and 3.

Anchor 110 i1s formed on the substrate and located
between recesses 142(1) and 142(2). Pivot bar 112(1) 1s
coupled to anchor 110 by spring 114(1). One end of p1vot bar
112(1) 1s coupled to a sidewall of recess 142(1) by spring
116(1), and the opposing end of pivot bar 112(1) 1s coupled
to a sidewall of recess 142(2) by spring 116(3). Pivot bar
112(2) 1s coupled to anchor 110 by spring 114(2). One end
of pivot bar 112(2) 1s coupled to a sidewall of recess 142(1)
by spring 116(2), and the opposing end of pivot bar 112(2)
1s coupled to a sidewall of recess 142(2) by spring 116(4).
While pivot bars 112(1)-(2) are shown as straight bars, other
shaped bars may be used, such as bars that are bent around
anchor 110 by some angle (e.g., like bars 132(1)-(2) further
discussed below). Also, while springs 116(1)-(4) are shown
as straight springs, other shaped springs may be used, such
as U-shaped springs (e.g., like springs 136(1)-(4) further
discussed below) or J-shaped springs (e.g., like springs
216(1)-(4), further discussed below 1n connection with FIG.
2).

Pivot bars 112(1)-(2), springs 114(1)-(2), and springs
116(1)-(4) form a pivot structure for prool masses 106(1)-
(2), where the pivot structure moves flexibly about anchor
110 1n the Y-directional axis for drive motion (further
discussed below in connection with FIGS. 5 and 7), and 1n
the Z-directional axis for sense motion (further discussed
below 1n connection with 8 and 9). Proof masses 106(1) and
106(2) and their respectively attached ends of pivot bars
112(1) and 112(2) move 1n anti-phase, which 1s to say they
move 1n opposite directions during drive and sense motion.
For example, as proof mass 106(1) moves 1n one direction
of the Y-directional axis (e.g., positive direction), proof mass
106(2) moves 1n an opposite direction in the Y-directional
axis (e.g., negative direction). In other words, proof mass
106(1) and proof mass 106(2) slide back and forth past one
another 1 the Y-directional axis. Similarly, as prool mass
106(1) moves 1n one direction of the Z-directional axis (e.g.,
negative direction), proof mass 106(2) moves 1n an opposite
direction of the Z-directional axis (e.g., positive direction).
The pivot structure ensures that prool masses 106(1)-(2)
have sense motion in the Z-directional axis that 1s substan-
tially parallel to sense electrodes underlying the proof
masses 106(1)-(2), making the sense area where the proof
masses 106(1)-(2) overlie the sense electrodes more efli-
cient.

An anchor structure 118(1) 1s coupled to an outer wall of
proof mass 106(1), and one end of a linking structure 120(2)
1s coupled to an opposing outer wall of proot mass 106(1).
An anchor structure 118(2) 1s coupled to an outer wall of
proof mass 106(2) and one end of a linking structure 120(1)
1s coupled to an opposing outer wall of proof mass 106(2).
An opposing end of linking structure 120(2) 1s coupled to
actuator 122(1), and an opposing end of linking structure
120(1) 1s coupled to actuator 122(2). In the embodiment
shown, connection points of the structures 118(1) and 120(2)
to the proof mass are aligned with connection points of the
pivot structure to form a single axis (e.g., springs of the
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structures 118(1) and 120(2) are aligned with springs 116(2)
and 116(2)). In other embodiments, the connection points
are not aligned. Actuators 122(1)-(2) and structures 118(1)-
(2) and 120(1)-(2) are further discussed below 1n connection
with FIG. 5.

Actuator 128(1) 1s coupled to proof mass 108(1) by a
linking structure 140(1) on one outer wall and by a linking
structure 140(2) on an opposing outer wall of proof mass
108(1). Actuator 128(2) 1s coupled to prootl mass 108(2) by
a linking structure 140(3) on one outer wall and by a linking
structure 140(4) on an opposing outer wall of proof mass
108(2). In the embodiment shown, connection points of the
structures 140(1) and 140(2) to prool mass 108(1) are
aligned with one another (e.g., springs of the structures
140(1) and 140(2) are aligned), and connection points of the
structures 140(3) and 140(4) are aligned with one another.
Actuators 128(1)-(2) and structures 140(1)-(4) are further
discussed below in connection with FIG. 6.

In the embodiment shown, actuator 122(1) 1s coupled to
actuator 128(1) by a drive motion linking structure 124(1),
and actuator 122(2) 1s coupled to actuator 128(2) by another
drive motion linking structure 124(2). Drive motion linking
structure 124(1) 1s also coupled to anchors 126(1) and
126(2) formed on the substrate, and drive motion linking
structure 124(2) 1s coupled to anchors 126(3) and 126(4)
formed on the substrate. Drive motion linking structure
124(1) 1s configured to couple the drive motion provided by
actuators 122(1) and 128(1), and drive motion linking struc-
ture 124(2) 1s configured to couple the drive motion pro-
vided by actuators 122(2) and 128(2). It 1s noted that drive
motion linking structures 124(1)-(2) are used in embodi-
ments where it 1s desirable to achieve a single drive fre-
quency for prool masses 106(1)-(2) and 108(1)-(2).

Anchor 130 1s formed on the substrate and located
between recesses 144(1) and 144(2) of proof masses 108
(1)-(2). Pivot bar 132(1) 1s coupled to anchor 130 by spring
134(1). One end of pivot bar 132(1) 1s coupled to a sidewall
of recess 144(1) by spring 136(1), and the opposing end of
pivot bar 132(1) 1s coupled to a sidewall of recess 144(2) by
spring 136(3). Pivot bar 132(2) 1s coupled to anchor 130 by
spring 134(2). One end of pivot bar 132(2) 1s coupled to a
sidewall of recess 144(1) by spring 136(2), and the opposing
end of pivot bar 132(2) 1s coupled to a sidewall of recess
144(2) by spring 136(4). While pivot bars 132(1)-(2) are
shown as bars bent around anchor 130, other shaped bars
may be used, such as straight bars (e.g., like bars 112(1)-(2)
discussed above). Also, while springs 136(1)-(4) are shown
as U-shaped springs, other shaped springs may be used, such
as straight springs (e.g., like springs 116(1)-(4) discussed
above) or J-shaped springs (e.g., like springs 216(1)-(4),
turther discussed below 1n connection with FIG. 2).

Pivot bars 132(1)-(2), springs 134(1)-(2), and springs
136(1)-(4) form a pivot structure for prool masses 108(1)-
(2), where the pivot structure moves flexibly about anchor
130 in the Y-directional axis for sense motion (further
discussed below 1n connection with FIG. 13), and 1n the
/-directional axis for sense motion (further discussed below
in connection with 11 and 12). Prootf masses 108(1)-(2) are
also able to move flexibly toward and away (e.g., tuning fork
motion) from the anchor 130 in the X-directional axis for
drive motion (further discussed below 1n connection with
FIG. 10). Proof masses 108(1) and 108(2) and their respec-
tively attached ends of pivot bars 132(1) and 132(2) move 1n
anti-phase, which 1s to say they move 1n opposite directions
during drive and sense motion. For example, as prool mass
108(1) moves 1n one direction of the Y-directional axis (e.g.
positive direction), proof mass 108(2) moves 1n an opposite
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direction of the Y-directional axis (e.g., negative direction).
Similarly, as proof mass 108(1) moves in one direction of
the Z-directional axis (e.g., negative direction), prool mass
108(2) moves 1n an opposite direction of the Z-directional
axis (e.g., positive direction). The pivot structure ensures
that proof masses 108(1)-(2) have sense motion in the
Z-directional axis that 1s substantially parallel to sense
clectrodes underlying the proof masses 108(1)-(2), making
the sense area where the proof masses 108(1)-(2) overlie the
sense electrodes more eflicient.

Proof mass 108(1) 1s also coupled to a sense structure
138(1) by 1solating structures 146(1)-(2), and proof mass
108(2) 1s coupled to sense structure 138(2) by isolating
structures 146(3)-(4). Each sense structure 138(1)-(2)

includes a number of sense electrodes that detect motion 1n
the Y-directional axis. Sense structures 138(1)-(2) and 1so-
lating structures 146(1)-(4) are further discussed below 1n
connection with FIG. 6.

FIG. 2 1llustrates a block diagram depicting a top-down
view of an example pivot structure 200 of a MEMS device
in which the disclosure 1s implemented. In other embodi-
ments, pivot structure 200 may be used instead of the pivot
structure illustrated 1n FIG. 1 between proof masses 106(1)
and 106(2), or may be used instead of the pivot structure
illustrated in FIG. 1 between proolf masses 108(1) and
108(2).

Anchor 210 1s formed on the substrate and located
between recesses 218(1) and 218(2) of proof masses 202
(1)-(2). Pivot bar 212(1) 1s coupled to anchor 210 by spring
214(1). One end of p1vot bar 212(1) 1s coupled to a sidewall
of recess 218(1) by spring 216(1), and the opposing end of
pivot bar 212(1) 1s coupled to a sidewall of recess 218(2) by
spring 216(3). Pivot bar 212(2) 1s coupled to anchor 210 by
spring 214(2). One end of pivot bar 212(2) 1s coupled to a
sidewall of recess 218(1) by spring 216(2), and the opposing
end of pivot bar 212(2) 1s coupled to a sidewall of recess
218(2) by spring 216(4). Pivot bars 212(1)-(2), springs
214(1)-(2), and springs 216(1)-(4) form pivot structure 200,
where the pivot structure 200 moves flexibly about anchor
210 m the Y- and Z-directional axes, and prool masses
202(1)-(2) are also able to move tlexibly toward and away
from the anchor 210 in the X-directional axis, making pivot
structure 200 suitable for use as a pivot structure for both
proof masses 106(1)-(2) and 108(1)-(2).

It 1s also noted that recesses 218(1)-(2), as well as pivot
structure 200 within the recesses 218(1)-(2) and anchor 210
between the recesses 218(1)-(2), are formed by openings
224(1)-(6) 1n and through proof masses 202(1)-(2). Addi-
tional or fewer opemings may be used to form the structures
within the recesses 1n other embodiments. Each opening 224
forms one or more sidewalls of the respective recess 218. In
the embodiment shown, recesses 218(1)-(2) have more than
3 sidewalls. For example, additional sidewalls of recess
218(1) are formed around spring 216(1) where a portion of
proof mass 202(1) has been further removed (as compared
with recess 142(1), for example). Springs 216(1)-(4) each
attach to a respective one of proof masses 202(1)-(2) at a
sidewall of the respective recess 218(1)-(2).

FIG. 3 illustrates a block diagram depicting a top-down
view of another example pivot structure 300 of a MEMS
device 1 which the disclosure 1s implemented. In other
embodiments, pivot structure 300 may be used instead of the
pivot structure illustrated 1n FIG. 1 between prool masses
106(1) and 106(2), or may be used instead of the pivot
structure illustrated 1n FIG. 1 between proof masses 108(1)
and 108(2).
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Anchor 330 1s formed on the substrate and located
between recesses 318(1) and 318(2) of proof masses 302
(1)-(2). P1ivot bar 332(1) 1s coupled to anchor 330 by spring
334(1). Pivot bar 332(2) 1s coupled to anchor 330 by spring
334(2). The ends of pivot bars 332(1)-(2) are coupled to
interior sidewalls of a respective C-shaped linking structure,
one such structure formed by horizontal bars 340(1)-(2) and
vertical bar 338(1), and another formed by horizontal bars
340(3)-(4) and vertical bar 338(2), where “horizontal” bars
and “vertical” bars are used as positional terms with respect
to the layout of FIG. 3. In other words, horizontal bars are
oriented 1n the horizontal direction of FIG. 3, and vertical
bars are oriented 1n the vertical direction of FIG. 3. It 1s also
noted that the C-shaped linking structures need not have a
physical boundary at the junction of horizontal and vertical
bars, since the horizontal and vertical bars may be formed
from a single block of semiconductor material. One end of
pivot bar 332(1) 1s coupled to a sidewall of bar 340(1) by
spring 336(1), and the opposing end of pivot bar 332(1) 1s
coupled to a sidewall of bar 340(3) by spring 336(3). One
end of pivot bar 332(2) 1s coupled to a sidewall of bar 340(2)
by spring 336(2), and the opposing end of pivot bar 332(2)
1s coupled to a sidewall of bar 340(4) by spring 336(4).

Each C-shaped linking structure 1s coupled to sidewalls of
the respective recess 318(1)-(2) by a number of springs 342.
In the embodiment shown, bar 340(1) 1s coupled to sidewalls
of recess 318(1) by springs 342(1) and 342(3), and bar
340(2) 1s coupled to sidewalls of recess 318(1) by springs
342(2) and 342(4). Bar 340(3) 1s coupled to sidewalls of
recess 318(2) by springs 342(5) and 342(7), and bar 340(4)
1s coupled to sidewalls of recess 318(2) by springs 342(6)
and 342(8).

Pivot bars 332(1)-(2), springs 334(1)-(2), springs 336(1)-
(4), bars 340(1)-(4), bars 338(1)-(2), and springs 342(1)-(8)
form pivot structure 300, where the pivot structure 300
moves flexibly about anchor 330 1n the Y- and Z-directional
axes, and proof masses 302(1)-(2) are also able to move
flexibly toward and away from the anchor 210 in the
X-directional axis, making pivot structure 300 suitable for
use as a pivot structure for both proof masses 106(1)-(2) and
108(1)-(2).

It 1s also noted that recesses 318(1)-(2), as well as pivot
structure 300 within the recesses 318(1)-(2) and anchor 330
between the recesses 318(1)-(2), are formed by openings
324(1)-(12) 1n and through proof masses 302(1)-(2). Addi-
tional or fewer opemings may be used to form the structures
within the recesses 1n other embodiments. Each opening 324
forms one or more sidewalls of the respective recess 318. In
the embodiment shown, recesses 318(1)-(2) have more than
3 sidewalls. For example, additional sidewalls of recess
318(1) are formed around springs 342(1) and 342(3) where
a portion of proof mass 302(1) has been further removed (as
compared with recess 136(1), for example). Springs 342(1)-
(8) each attach to a respective one of proof masses 302(1)-
(2) at a sidewall of the respective recess 318(1)-(2).

FIG. 4 1llustrates a block diagram depicting a top-down
view ol a pair of example common mode drive spring
structures 400 of a MEMS device 1n which the disclosure 1s
implemented. Common mode drive spring structures 400 are
located between a pair of proof masses 402(1)-(2) on either
side of a pivot structure between the pair of proof masses
402(1)-(2). Common mode drive spring structures 400 are
configured to suppress or minimize common mode drive
motion in order to improve efliciency of movement of the
prool masses 402(1)-(2). In combination with the pivot
structure (like that shown 1n FIG. 1, 2, or 3) between proof
masses 108(1)-(2) of FIG. 1, the common mode drive spring
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structures 400 ensure that proof masses 108(1)-(2) have
sense motion in the Z-directional axis that 1s substantially
parallel to underlying sense electrodes, making the sense
arca where the prool masses 108(1)-(2) overlap the sense
clectrodes more eflicient. The common mode drive spring
structures 400 also ensures that prool masses 402(1)-(2)
undergo a drive motion where the proof masses move
toward and away from each other. Spring structures 406(1)-
(2) are configured such that it has a low resistance to this
tuning fork drive motion, whereas when proof masses 402
(1)-(2) undergo motions in the same direction (as common
mode motion), the structure 400 in cooperation with anchor
404 and spring structures 406 will introduce a large stiflness
Or resistance.

One common mode drive spring structure 400 includes
anchor 404(1) formed on the substrate, spring 406(1) having
one end attached to the proof mass 402(2) and an opposing
end attached to anchor 404(1), and spring 406(2) having one
end attached to the prootf mass 402(1) and an opposing end
attached to anchor 404(1). Another common mode drive
spring structure 400 includes anchor 404(2) formed on the
substrate, spring 406(3) having one end attached to the proot
mass 402(1) and an opposing end attached to anchor 404(2),
and spring 406(4) having one end attached to the proof mass
402(2) and an opposing end attached to anchor 404(2).

FIG. 5 1llustrates additional details for components of a
MEMS gyroscope device 1n which the disclosure 1s imple-
mented, such as for an actuator 122, anchor structure 118,
and linking structure 120. While components relative to
prool mass 106(2) are shown and discussed 1n connection
with FIG. 5, such discussion 1s also applicable to the
components relative to the other proof mass 106(1).

Actuator 122(2) 1s configured to produce drive motion for
prool mass 106(2) at a drive frequency, such as by convert-
ing an electrical signal into physical or mechanical move-
ment. For example, actuator 122(2) 1s a capacitive mecha-
nism, such as a comb drive having moving combs
(1llustrated as attached to the interior sidewalls of openings
in actuator frame 522) and static combs (illustrated inside of
the openings 1n actuator frame 522) that use electrostatic
forces to generate mechanical movement or vibration. The
dual static combs provide drive motion 1n a positive and
negative drive direction (illustrated as D+ and D-), which 1s
in the X-directional axis. Actuator frame 522 1s also coupled
to anchors 520(1)-(4) formed on the substrate via springs
518(1)-(4), which couple actuator 122(2) to the substrate
while allowing drive motion generation.

Proof mass 106(2) 1s coupled to anchor structure 118(2),
which includes an anchor 510(2) formed on the substrate, a
bar 516 having one end coupled to prool mass 106(2) by
spring 504(3) and an opposing end coupled to anchor 510(2)
by spring 504(4). Proof mass 106(2) 1s also coupled to
linking structure 120(1), which includes horizontal bar 502
and vertical bar 512. One end of horizontal bar 502 1is
coupled to an outer side of proof mass 106(2) by spring
504(1), and an opposing end of horizontal bar 502 1s coupled
to an end of vertical bar 312. An opposing end of vertical bar
512 1s coupled to actuator 122(2) by spring or flexible bar
514. A mid-point of linking structure 120(1), such as near the
illustrated junction of the horizontal bar 502 and vertical bar
512, 1s coupled by spring 504(2) to anchor 510(1) formed on
the substrate. Drive motion produced by actuator 122(2) in
the X-directional axis 1s transmitted to linking structure
120(1), which pivots around anchor 510(1) and translates
the drive motion into the Y-directional axis to proof mass
106(2).
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Sense electrode 506 (illustrated as a box with broken
lines) 1s formed on the surtace of the substrate and underlies
prool mass 106(2). Sense electrode 506 1s configured to
detect sense movement 1n the Z-directional axis. It 1s noted
that actuators 122(1) and 122(2) are configured to generate
movement that results 1n anti-phase drive motion of proof
masses 106(1) and 106(2) to slide past one another in the
Y-directional axis, where proof masses 106(1) and (2) also
move toward and away from underlying sense electrodes in
anti-phase sense motion (e.g., proof mass 106(1) moves
toward 1ts underlying sense electrode while proof mass
106(2) moves away from 1ts underlying sense electrode).

FIG. 6 illustrates additional details for components of a
MEMS gyroscope device 1n which the disclosure 1s imple-
mented, such as for an actuator 128, sense structure 138,
linking structure 140, and 1solating structure 146. While
components relative to proof mass 108(2) are shown and
discussed in connection with FIG. 6, such discussion 1s also
applicable to the components relative to the other proof mass
108(1).

Actuator 128(2) 1s configured to produce drive motion for
proof mass 108(2) at a drive frequency, similar to actuator
122(2), as discussed above in connection with FIG. 5. In the
embodiment shown, actuator 128(2) 1s a comb drive that
produces drive motion 1n the X-directional axis. Actuator
frame 628 1s coupled to anchors 614(1)-(4) via springs
616(1)-(4), which couple actuator 128(2) to the substrate
while allowing drive motion generation.

Prootf mass 108(2) 1s coupled to linking structure 140(3),
which includes a horizontal bar 602(1) having one end
coupled to proof mass 108(2) by spring 604(1) and an
opposing end coupled to vertical bar 610(1), which 1n turn
1s coupled to actuator frame 628 by spring or flexible bar
612(1). Proof mass 108(2) 1s also coupled to linking struc-
ture 140(4), which includes horizontal bar 602(2) having
one end coupled to prool mass 108(2) by spring 604(2) and
an opposing end coupled to vertical bar 610(2), which 1n
turn 1s coupled to actuator frame 628 by spring or flexible
bar 612(2). Drive motion produced by actuator 128(2) in the
X-directional axis 1s transmitted to linking structures 140
(3)-(4), which 1n turn transmits the drive motion 1n the
X-directional axis to prootf mass 108(2).

Sense electrode 608 (illustrated as a box with broken
lines) 1s formed on the surtace of the substrate and underlies
prool mass 108(2). Sense electrode 608 1s configured to
detect sense movement 1n the Z-directional axis. It 1s noted
that actuators 128(1) and 128(2) are configured to generate
movement that results 1n anti-phase drive motion of proof
masses 108(1) and 108(2) to move toward and away from
another in the X-directional axis (e.g., tuning fork motion),
where proof masses 108(1) and (2) also move toward and
away from underlying sense electrodes in anti-phase sense
motion (e.g., proof mass 108(1) moves toward 1ts underlying
sense electrode while proof mass 108(2) moves away from
its underlying sense electrode).

Proof mass 108(2) 1s also coupled to a sense frame 626 of
sense structure 138(2) by 1solating structures 146(3)-(4).
Isolating structure 146(3) includes vertical bar 620(1) hav-
ing one end coupled to proof mass 108(2) by spring 618(1)
and an opposing end coupled to an outer wall of sense frame
626 that 1s closest to proof mass 108(2) by spring 618(2).
Isolating structure 146(4) includes vertical bar 620(2) hav-
ing one end coupled to proof mass 108(2) by spring 618(4)
and an opposing end coupled to the outer wall of sense frame
626 by spring 618(3). These 1solating structures 146(3)-(4)
transier sense motion from proof mass 108(2) in the Y-di-
rectional axis to sense frame 626, but minimize the transter
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of sense motion from prootf mass 108(2) 1in the Z-directional
ax1s to sense frame 626. In other words, 1solating structures
146(3)-(4) reduce coupling of the sense motion of proof
mass 108(2) in the Z-directional axis. Isolating structures
146(3)-(4) also minimize the transier of drive motion from
prool mass 108(2) in the X-directional axis to sense frame
626.

Sense frame 626 includes a number of openings that
extend through top and bottom surfaces of sense frame 626.
An anchor 622(1) 1s coupled to an interior sidewall of one
opening 1n sense frame 626 by spring 624(1), and anchor
622(2) 1s coupled to an interior sidewall of another opening
in sense frame 626 by spring 624(2).

The remaining openings of sense frame 626 cach sur-
round a pair of sense electrodes that detect motion in
positive and negative directions of the Y-directional axis
(1llustrated as S+ and S-). Each pair of sense electrodes are
formed on the surface of the substrate and extend through an
opening 1n sense frame 626. The pair of electrodes are
separated from one another by a spacing distance and
separated from interior sidewalls of the opening by a sense
distance, which changes as the sense motion shiits the sense
frame 1n positive and negative directions 1n the Y-directional
axis.

FIG. 7 illustrates a top-down view of anti-phase drive
motion of proof masses 106(1)-(2) in the Y-directional axis
(e.g., 1n opposite directions of the Y-directional axis). In the
top portion of FIG. 7, proof mass 106(1) 1s moving in a
positive direction, while proof mass 106(2) 1s moving in a
negative direction. In the bottom portion of FIG. 7, proof
mass 106(1) 1s moving 1n a negative direction, while proof
mass 106(2) 1s moving 1 a positive direction. In this
manner, proof masses 106(1) and 106(2) slides past one
another 1n the Y-directional axis. The dotted line indicates a
central axis common to both proof masses 106(1)-(2) when
at rest. The dotted line also 1indicates a cross-sectional view
for FIGS. 8 and 9.

FIG. 8 1llustrates a cross-sectional view of proof masses
106(1)-(2), where the Y-directional axis 1s now shown as
going 1nto the page. When proof masses 106(1)-(2) do not
experience rotation while being driven, prool masses 106
(1)-(2) slide 1 the Y-directional axis while maintaining a
distance 812 above and parallel to their respective sense
clectrodes 506(1)-(2), which are formed on substrate 810.

FIG. 9 illustrates a cross-sectional view of anti-phase
sense motion of prool masses 106(1)-(2) 1n the Z-directional
axis (e.g., 1n opposite directions of the Z-directional axis).
When proof masses 106(1)-(2) experience rotation in the
X-directional axis while being driven, proof masses 106(1)-
(2) move 1 a sense direction orthogonal to the drive
direction and the rotation direction, which 1s in the Z-direc-
tional axis in this embodiment.

In the top portion of FIG. 9, proof mass 106(1) 1s moving
in a negative direction toward sense electrode 506(1), which
shortens the sense distance 814 between prootf mass 106(1)
and sense electrode 506(1). Proof mass 106(2) 1s moving 1n
a positive direction away from sense electrode 506(2), which
lengthens the sense distance 816 between proot mass 106(2)
and sense electrode 506(2). It 1s noted that prool masses
106(1)-(2) remain substantially parallel to the surface of the
substrate 810 and to the sense electrodes 506(1)-(2) during
the anti-phase sense motion, which improves the efliciency
of sense detection (e.g., detecting changing capacitance) by
sense electrodes 506(1)-(2).

In the bottom portion of FIG. 9, proof mass 106(1) 1s
moving 1n a positive direction away from sense electrode
506(1), which lengthens the sense distance 818 between
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prool mass 106(1) and sense electrode 506(1). Proof mass
106(2) 1s moving in a negative direction toward sense
clectrode 506(2), which shortens the sense distance 820
between proof mass 106(2) and sense electrode 506(2).

FIG. 10 1illustrates a top-down view of anti-phase drive
motion of proof masses 108(1)-(2) 1n the X-directional axis
(e.g., 1n opposite directions of the X-directional axis). Proof
mass 108(1) 1s coupled to sense frame 626(1) and proof
mass 108(2) 1s coupled to sense frame 626(2), as discussed
above 1n connection with FIG. 6. An example opening
1012(1) 1s illustrated in sense frame 626(1), which sur-
rounds a pair of sense electrodes S+ and S-. An example
opening 1012(2) 1s 1llustrated 1n sense frame 626(2), which
surrounds a pair ol sense electrodes S+ and S—. Sense
clectrodes S+ and S- are separated from one another by a
spacing distance Ds in the Y-directional axis. Each pair of
sense eclectrodes extend up from the underlying substrate
through respective openings 1012(1)-(2).

Opening 1012(1) has a sidewall opposite a sensing sur-
face of sense electrode S+ that 1s parallel to the X-directional
ax1s, where this sidewall 1s referred to as an S+ sidewall of
opening 1012(1). The S+ sidewall may also be referred to as
a sidewall that 1s closest to sense electrode S+. The distance
between the S+ sidewall and sense electrode S+ 1s also
referred to as an S+ sense distance. Opening 1012(1) has
another sidewall opposite a sensing surface of sense elec-
trode S— that 1s parallel to the X-directional axis, where this
sidewall 1s referred to as an S— sidewall of opening 1012(1).
The S- sidewall may also be referred to as a sidewall closest
to sense electrode S—. The distance between the S-sidewall
and sense electrode S- 1s also referred to as an S— sense
distance. It 1s noted that the S+ and S— sidewalls of opening
1012(1) are opposite one another.

In the top portion of FIG. 10, proof mass 108(1) 1s moving,
in a positive direction (e.g., to the right), while proof mass
108(2) 1s moving 1n a negative direction (e.g., to the left). In
the bottom portion of FIG. 10, proof mass 108(1) 1s moving
in a negative direction, while proof mass 108(2) 1s moving
in a positive direction. In this manner, proof masses 108(1)
and 108(2) move toward and away from one another in the
X-directional axis. The dotted line indicates a cross-sec-
tional view for FIGS. 11 and 12. Since sense {rames 626
(1)-(2) are coupled to sense motion of respective proof
masses 108(1)-(2) 1in the Y-directional axis and decoupled
from drive motion in the X-directional axis (and are also
decoupled from sense motion of respective prool masses
108(1)-(2) 1n the Z-directional axis), a same sense distance
1010 1s maintained between each sense electrode and side-
wall of openings 1012(1)-(2).

FIG. 11 1llustrates a cross-sectional view of prool masses
108(1)-(2), where the Y-directional axis 1s now shown as
going 1nto the page. When proof masses 108(1)-(2) do not
experience rotation while being driven, proof masses 108
(1)-(2) move 1n the X-directional axis while maintaining a
distance 1112 above and parallel to their respective sense
clectrodes 608(1)-(2), which are formed on substrate 810.

FIG. 12 illustrates a cross-sectional view of anti-phase
sense motion of proof masses 108(1)-(2) 1n the Z-directional
axis (e.g., 1n opposite directions of the Z-directional axis).
Proof masses 108(1)-(2) continue to move toward and away
from one another 1n the X-directional axis as shown in FIG.
10, but such drive motion 1s not illustrated in FIG. 12 1n
order to simplify description of the sense motion.

When prootf masses 108(1)-(2) experience rotation 1n the
Y-directional axis while being driven, proof masses 108(1)-
(2) move 1 a sense direction orthogonal to the dnive
direction and the rotation direction, which 1s in the Z-direc-
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tional axis 1n this embodiment. In the top portion of FIG. 12,
proof mass 108(1) 1s moving 1n a negative direction toward
sense electrode 608(1), which shortens the sense distance
1114 between proof mass 108(1) and sense electrode 608(1).
Proof mass 106(2) 1s moving 1n a positive direction away
from sense electrode 608(2), which lengthens the sense
distance 1116 between proof mass 108(2) and sense elec-
trode 608(2). It 1s noted that proof masses 108(1)-(2) remain
substantially parallel to the surface of the substrate 810 and
to the sense electrodes 608(1)-(2) during the anti-phase
sense motion, which improves the efliciency of sense detec-
tion (e.g., detecting changing capacitance) by sense elec-
trodes 608(1)-(2).

In the bottom portion of FIG. 12, proof mass 108(1) 1s
moving 1n a positive direction away from sense electrode
608(1), which lengthens the sense distance 1118 between
proof mass 108(1) and sense electrode 608(1). Proof mass
108(2) 1s moving 1n a negative direction toward sense
clectrode 608(2), which shortens the sense distance 1120
between prootf mass 108(2) and sense electrode 608(2).

FIG. 13 1llustrates a top-down view of anti-phase sense
motion ol proof masses 108(1)-(2) in the Y-directional axis
(e.g., 1n opposite directions of the Y-directional axis). Proof
masses 108(1)-(2) continue to move toward and away from
one another in the X-directional axis as shown in FIG. 10,
but such drive motion 1s not 1llustrated 1n FIG. 13 1n order
to simply description of the sense motion.

When proof masses 108(1)-(2) experience rotation in the
Z-directional axis while being driven, proof masses 108(1)-
(2) move 1 a sense direction orthogonal to the drive
direction and the rotation direction, which 1s 1n the Y-direc-
tional axis 1n this embodiment. In the top portion of FIG. 13,
prool mass 108(1) 1s moving in a negative direction of the
Y-directional axis. Since sense motion of proof mass 108(1)
1s coupled to sense frame 626(1), sense frame 626(1) also
moves 1n the negative direction. Opening 1012(1) 15 simi-
larly shifted in the negative direction and moves the S+
sidewall toward sense electrode S+, which shortens the S+
sense distance 1314 between the S+ sidewall and sense
clectrode S+. Simultaneously, the S— sidewall moves away
from sense electrode S—, which lengthens the S- sense
distance 1316 between the S— sidewall and sense electrode
S—. Proof mass 108(2) 1s moving 1n a positive direction of
the Y-directional axis, which also moves sense frame 626(2)
in the positive direction since sense motion of proof mass
108(2) 1s coupled to sense frame 626(2). Opening 1012(2) 1s
similarly shifted in the positive direction and moves the S+
sidewall away from sense electrode S+, which lengthens the
S+ sense distance 1318 between the S+ sidewall and sense
clectrode S+. Simultaneously, the S- sidewall moves toward
sense electrode S—, which shortens the S— sense distance
1320 between the S-sidewall and sense electrode S-.

In the bottom portion of FIG. 13, proof mass 108(1) 1s
moving 1 a positive direction of the Y-directional axis,
which also shifts opening 1012(1) 1n the positive direction.
The S+ sidewall moves away from sense electrode S+ and
the S- sidewall moves toward sense electrode S—, which
lengthens the S+ sense distance 1322 and shortens the S-—
sense distance 1324. Proof mass 108(2) 1s moving 1n a
negative direction of the Y-directional axis, which also shifts
opening 1012(2) in the negative direction. The S+ sidewall
moves toward sense electrode S+ and the S— sidewall moves
away Irom sense electrodes S—, which shortens the S+ sense
distance 1326 and lengthens the S— sense distance 1328.

By now 1t should be appreciated that there has been
provided embodiments of a MEMS gyroscope device that 1s
movable 1n three axes to measure angular velocity in three
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axes, which includes a first pair of proof masses that each
have a recess to which a pivot structure 1s coupled, the first
pair ol proof masses are driven to slide back and forth past
one another 1n a first in-plane directional axis (e.g., in the
Y-directional axis), and a second pair of proof masses that
cach have a recess to which another pivot structure 1is
coupled, the second pair of proof masses are driven to move
toward and away from one another (e.g., tuning fork vibra-
tion) 1 a second in-plane directional axis (e.g., in the
X-directional axis) perpendicular to the first in-plane direc-
tional axis.

In one embodiment of the present disclosure, a micro-
clectromechanical system (MEMS) gyroscope device 1is
provided, which includes: a substrate having a surface
parallel to a plane; a first proof mass and a second proof
mass positioned 1n space above the surface of the substrate
and driven to slide back and forth past one another in a first
directional axis of the plane, wherein the first proof mass has
a {irst recess 1n a side closest to the second proof mass, and
the second prool mass has a second recess 1n a side closest
to the first proof mass; a first pivot structure having one end
coupled to the first proof mass within the first recess and an
opposite end coupled to the second proof mass within the
second recess; a first anchor on the surface of the substrate,
the first anchor located between the first and second recesses
and coupled to a mid-point of the first pivot structure; and a
third proof mass and a fourth prootf mass positioned in space
above the surface of the substrate and driven to move toward
and away from one another 1n a second directional axis of
the plane that 1s perpendicular to the first directional axis;
wherein the first and second proof masses move 1n a third
directional axis that 1s normal to the plane 1n response to
angular velocity 1n the second directional axis, and the third
and fourth proof masses move in the third directional axis 1n
response to angular velocity in the first directional axis.

One aspect of the above embodiment provides that the
third and fourth proof masses move 1n the first directional
axis 1n response to angular velocity 1n the third directional
axis.

Another aspect of the above embodiment provides that the
MEMS device further includes: a first actuator and a second
actuator respectively coupled to the first and second proof
masses and respectively configured to drive the first and
second prool masses 1n opposite directions of the first
directional axis; and a third actuator and a fourth actuator
respectively coupled to the third and fourth proof masses
and respectively configured to drive the third and fourth
prool masses 1n opposite directions of the second directional
axis.

A further aspect of the above embodiment provides that
the MEMS device further includes: a first drive motion
linking structure coupled to the first and third actuators, the
first drive motion linking structure configured to couple
drive motion provided by the first and third actuators; and a
second drive motion linking structure coupled to the second
and fourth actuators, the second drive motion linking struc-
ture configured to couple drive motion provided by the
second and fourth actuators.

Another aspect of the above embodiment provides that a
same drive frequency 1s utilized to drive the first, second,
third, and fourth proof masses.

Another aspect of the above embodiment provides that the
first pivot structure includes: a first pivot bar having a
mid-point coupled to the first anchor by a first spring, a first
end coupled to a first sidewall of the first recess of the first
prool mass by a second spring, and a second end coupled to
a first stdewall of the second recess of the second proof mass
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by a third spring, and a second pivot bar having a mid-point
coupled to the first anchor by a fourth spring, a first end
coupled to a second sidewall of the first recess of the first
prool mass by a fifth spring, and a second end coupled to a
second sidewall of the second recess of the second proof
mass by a sixth spring.

Another aspect of the above embodiment provides that the
first pivot structure 1s configured to move flexibly about the
first anchor 1n the first directional axis and in the third
directional axis, wherein opposite ends of the first pivot
structure are configured to move 1n opposite directions 1n the
first directional axis and are configured to move 1n opposite
directions 1n the third directional axis.

Another aspect of the above embodiment provides that the
MEMS device tfurther includes: a second pivot structure,
wherein the third proof mass has a third recess 1 a side
closest to the fourth proof mass, and the fourth proof mass
has a fourth recess 1n a side closest to the third proof mass,
and the second pivot structure has one end coupled to the
third proof mass within the third recess and an opposite end
coupled to the fourth proof mass within the fourth recess;
and a second anchor on the surface of the substrate, the
second anchor located between the third and fourth recesses
and coupled to a mid-point of the second pivot structure.

A further aspect of the above embodiment provides that
the second pivot structure includes: a first pivot bar having
a mid-point coupled to the second anchor by a first spring,
a first end coupled to a first sidewall of the third recess of the
third proof mass by a second spring, and a second end
coupled to a first sidewall of the fourth recess of the fourth
prool mass by a third spring, and a second pivot bar having
a mid-point coupled to the second anchor by a fourth spring,
a first end coupled to a second sidewall of the third recess of
the third proof mass by a fifth spring, and a second end
coupled to a second sidewall of the fourth recess of the
tourth prool mass by a sixth spring.

Another further aspect of the above embodiment provides
that the second pivot structure includes: a first pivot bar
having a mid-point coupled to the anchor by a first spring,
a first end coupled to a first linking structure by a second
spring, and a second end coupled to a second linking
structure by a third spring, a second pivot bar having a
mid-point coupled to the anchor by a fourth spring, a first
end coupled to the first linking structure by a fitth spring, and
a second end coupled to the second linking structure by a
sixth spring, the first linking structure coupled to the third
prool mass within the third recess by a first plurality of
springs, and the second linking structure coupled to the
fourth prool mass within the fourth recess by a second
plurality of springs.

Another aspect of the above embodiment provides that the
MEMS device further includes: a common mode drive
spring structure between the third and fourth proof masses,
the common mode drive spring structure including: a second
anchor, a first spring having one end coupled to the second
anchor and another end coupled to the third proof mass, and
a second spring having one end coupled to the second anchor
and another end coupled to the fourth proof mass.

Another aspect of the above embodiment provides that the
MEMS device further includes: a first linking structure
coupled between the second prool mass and an actuator, the
first linking structure includes an L-shaped bar, a mid-
section of the L-shaped bar coupled to a second anchor near
a corner of the second proof mass on a side of the second
prool mass farthest away from the first proof mass, one end
of the L-shaped bar coupled to the second proof mass by a
first spring and an opposite end of the L-shaped bar coupled
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to the actuator by a second spring, the actuator configured to
provide drive motion 1n the second directional axis and the
first linking structure configured to flexibly pivot about the
second anchor and move the second proof mass 1n the first
directional axis.

Another aspect of the above embodiment provides that the
MEMS device further includes: a first sense electrode and a
second sense electrode on the surface of the substrate and
respectively underneath and separated from the first and
second prool masses by first and second distances in the
third directional axis, and a third sense electrode and a fourth
sense electrode on the surface of the substrate and respec-
tively underneath and separated from the third and fourth
prool masses by third and fourth distances in the third
directional axis.

A tfurther aspect of the above embodiment provides that
the first and second proof masses are configured to move 1n
opposite directions 1n the third directional axis in response
to the angular velocity 1n the second directional axis, and the
first and second proof masses remain substantially 1n parallel
with the first and second sense electrodes as the first and
second prool masses respectively move toward and away
from the first and second electrodes 1n response to the
angular velocity in the second directional axis.

Another further aspect of the above embodiment provides
that the third and fourth proof masses are configured to move
in opposite directions 1n the third directional axis in response
to the angular velocity 1n the first directional axis, and the
third and fourth proof masses remain substantially 1n parallel
with the third and fourth sense electrodes as the third and
fourth proof masses respectively move toward and away
from the third and fourth electrodes in response to the
angular velocity in the first directional axis.

Another aspect of the above embodiment provides that the
MEMS device further includes: an actuator coupled to the
fourth proof mass by a first linking bar and a second linking
bar; a sense frame coupled to the fourth proof mass by a first
1solating bar and a second 1solating bar, wherein the first and
second linking bars do not contact the sense frame, and the
sense frame 1s 1solated from drive motion provided by the
actuator; and a first sense electrode and a second sense
clectrode on the surface of the substrate, separated from one
another by a spacing distance 1n the first directional axis, the
first and second electrodes extend through an opening in the
sense frame, wherein the first and second sense electrodes
are respectively separated from a first and second sidewall of
the opening by a first and second distance in the first
directional axis, the second sidewall i1s opposite the first
sidewall.

Another aspect of the above embodiment provides that the
first, second, third, and fourth proof masses lie 1n a common
plane that 1s parallel to the surface of the substrate, the first
prool mass has a first side that is closest to the second proof
mass and a second side that 1s closest to the third proof mass,
the second side 1s perpendicular to the first side in the
common plane, and the fourth proof mass has a third side
that 1s closest to the third proof mass and a fourth side that
1s closest to the second proolf mass, the fourth side 1is
perpendicular to the first side in the common plane.

In another embodiment of the present disclosure a method
for operating a microelectromechanical system (MEMS)
gyroscope device 1s provided, the method including: driving
a {irst pair of prool masses of the gyroscope to slide back and
forth past one another 1n a first directional axis of a plane
parallel to a surface of a substrate of the gyroscope, wherein
the first pair of proof masses each have a respective recess,
a respective end of a pivot structure 1s coupled to each of the
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first pair of proof masses within the respective recess, and a
mid-point of the pivot structure 1s coupled to an anchor
between the respective recesses; driving a second pair of
prool masses of the gyroscope to move toward and away
from one another 1 a second directional axis of the plane
that 1s perpendicular to the first directional axis; 1n response
to angular velocity experienced by the first pair of proof
masses 1n the second directional axis, detecting movement
of the first pair of proof masses 1n a third directional axis that
1s normal to the plane; and in response to angular velocity
experienced by the second pair of proof masses in the first
directional axis, detecting movement of the second pair of
prool masses in the third directional axis.

One aspect of the above embodiment provides that the
method further includes: in response to angular velocity
experienced by the second pair of proof masses 1n the third
directional axis, detecting movement of the second pair of
prool masses in the first directional axis.

Another aspect of the above embodiment provides that the
first pair of proof masses are configured to move 1n opposite
directions 1n the third directional axis in response to the
angular velocity 1n the second directional axis, the first pair
of proof masses remain substantially 1n parallel with a first
pair of sense electrodes as the first pair of prool masses
respectively move toward and away from the first pair of
sense electrodes 1n response to the angular velocity in the
second directional axis, the second pair of proof masses are
configured to move 1n opposite directions in the third
directional axis i response to the angular velocity 1n the first
directional axis, and the second pair of proof masses remain
substantially in parallel with a second pair of sense elec-
trodes as the second pair of prool masses respectively move
toward and away from the second pair of sense electrodes in
response to the angular velocity 1n the first directional axis.

Because the apparatus implementing the present inven-
tion 1s, for the most part, composed of electronic compo-
nents and circuits known to those skilled 1n the art, circuit
details will not be explained 1n any greater extent than that
considered necessary as 1llustrated above, for the under-
standing and appreciation of the underlying concepts of the
present imvention and in order not to obfuscate or distract
from the teachings of the present invention.

Moreover, the terms “front,” *“back,” *“top,” “bottom,”
“over,” “under” and the like 1n the description and in the
claims, 1f any, are used for descriptive purposes and not
necessarily for describing permanent relative positions. It 1s
understood that the terms so used are iterchangeable under
appropriate circumstances such that the embodiments of the
invention described herein are, for example, capable of
operation in other orientations than those illustrated or
otherwise described herein.

As used herein the terms “substantial” and “substantially”™
mean suflicient to accomplish the stated purpose in a prac-
tical manner and that minor 1mperfections, if any, are not
significant for the stated purpose.

Although the invention 1s described herein with reference
to specific embodiments, various modifications and changes
can be made without departing from the scope of the present
invention as set forth i the claims below. For example,
additional or fewer proof masses may be implemented 1n the
MEMS gyroscope device of FIG. 1 1n other embodiments,
the drive motion linking structures may be present or absent
in other embodiments, and the common mode drive spring
structures may be present or absent in other embodiments.
Accordingly, the specification and figures are to be regarded
in an 1llustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of

5

10

15

20

25

30

35

40

45

50

55

60

65

18

the present invention. Any benefits, advantages, or solutions
to problems that are described herein with regard to specific
embodiments are not intended to be construed as a critical,
required, or essential feature or element of any or all the
claims.

The term “coupled,” as used herein, 1s not intended to be
limited to a direct coupling or a mechanical coupling.

Furthermore, the terms “a” or “an,” as used herein, are
defined as one or more than one. Also, the use of introduc-
tory phrases such as “at least one” and “one or more” 1n the
claims should not be construed to 1imply that the introduction
of another claim element by the indefinite articles “a” or
“an” limits any particular claim containing such introduced
claim element to inventions containing only one such ele-
ment, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite
articles such as “a” or “an.” The same holds true for the use
ol definite articles.

Unless stated otherwise, terms such as “first” and “sec-
ond” are used to arbitrarily distinguish between the elements
such terms describe. Thus, these terms are not necessarily
intended to 1indicate temporal or other prioritization of such

clements.

What 1s claimed 1s:

1. A microelectromechanical system (MEMS) gyroscope

device comprising:

a substrate having a surface parallel to a plane;

a first proof mass and a second proof mass positioned 1n
space above the surface of the substrate and driven to
slide back and forth past one another 1n a first direc-
tional axis of the plane, wherein
the first proof mass has a first recess 1n a side closest to

the second proof mass, and
the second proof mass has a second recess 1n a side
closest to the first prool mass;

a first pivot structure having one end coupled to the first
proof mass within the first recess and an opposite end
coupled to the second proof mass within the second
recess;

a first anchor on the surface of the substrate, the first
anchor located between the first and second recesses
and coupled to a mid-point of the first pivot structure;
and

a third proof mass and a fourth proof mass positioned 1n
space above the surface of the substrate and driven to
move toward and away from one another 1n a second

directional axis of the plane that 1s perpendicular to the
first directional axis:
wherein
the first and second proof masses move 1n a third
directional axis that 1s normal to the plane 1n
response to angular velocity 1 the second direc-
tional axis, and
the third and fourth proof masses move 1n the third
directional axis in response to angular velocity 1n
the first directional axis;

a first actuator and a second actuator respectively coupled
to the first and second proof masses and respectively
configured to drive the first and second proof masses 1n
opposite directions of the first directional axis;

a third actuator and a fourth actuator respectively coupled
to the third and fourth proof masses and respectively
configured to drive the third and fourth proof masses 1n
opposite directions of the second directional axis;

a first drive motion linking structure coupled to the first
and third actuators, the first drive motion linking struc-
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ture configured to couple drive motion provided by the

first and third actuators; and

a second drive motion linking structure coupled to the

second and fourth actuators, the second drive motion

linking structure configured to couple drive motion
provided by the second and fourth actuators.

2. The MEMS device of claim 1, wherein

the third and fourth proof masses move in the first

directional axis in response to angular velocity in the

third directional axis.

3. The MEMS device of claim 1, wherein a same drive
frequency 1s utilized to drive the first, second, third, and
fourth proof masses.

4. The MEMS device of claim 1, wherein

the first pivot structure comprises:

a first pivot bar having a mid-point coupled to the first
anchor by a first spring, a first end coupled to a first
sidewall of the first recess of the first proof mass by
a second spring, and a second end coupled to a first
sidewall of the second recess of the second proof
mass by a third spring, and

a second pivot bar having a mid-point coupled to the
first anchor by a fourth spring, a first end coupled to
a second sidewall of the first recess of the first proot
mass by a fifth spring, and a second end coupled to
a second sidewall of the second recess of the second
prool mass by a sixth spring.

5. The MEMS device of claim 1, wherein

the first pivot structure 1s configured to move flexibly

about the first anchor 1n the first directional axis and 1n
the third directional axis, wherein opposite ends of the
first pivot structure are configured to move 1n opposite
directions 1n the first directional axis and are configured
to move 1n opposite directions in the third directional
axis.

6. The MEMS device of claim 1, further comprising:

a second pivot structure, wherein

the third proof mass has a third recess in a side closest
to the fourth proof mass, and

the fourth prool mass has a fourth recess 1n a side
closest to the third proof mass, and

the second pivot structure has one end coupled to the
third proof mass within the third recess and an
opposite end coupled to the fourth prool mass within
the fourth recess; and

a second anchor on the surface of the substrate, the second

anchor located between the third and fourth recesses

and coupled to a mid-point of the second pivot struc-
ture.

7. The MEMS device of claim 6, wherein

the second pivot structure comprises:

a first pivot bar having a mid-point coupled to the
second anchor by a first spring, a first end coupled to
a first sidewall of the third recess of the third proof
mass by a second spring, and a second end coupled
to a first sidewall of the fourth recess of the fourth
prool mass by a third spring, and

a second pivot bar having a mid-point coupled to the
second anchor by a fourth spring, a first end coupled
to a second sidewall of the third recess of the third
proof mass by a fifth spring, and a second end
coupled to a second sidewall of the fourth recess of
the fourth proof mass by a sixth spring.

8. The MEMS device of claim 6, wherein

the second pivot structure comprises:

a first pivot bar having a mid-point coupled to the
anchor by a first spring, a first end coupled to a first
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linking structure by a second spring, and a second
end coupled to a second linking structure by a third
spring,

a second pivot bar having a mid-point coupled to the
anchor by a fourth spring, a first end coupled to the
first linking structure by a fifth spring, and a second
end coupled to the second linking structure by a sixth
spring,

the first linking structure coupled to the third proof
mass within the third recess by a first plurality of
springs, and

the second linking structure coupled to the fourth proof
mass within the fourth recess by a second plurality of
Springs.

9. The MEMS device of claim 1, further comprising;:

a common mode drive spring structure between the third
and fourth proof masses, the common mode drive
spring structure comprising:

a second anchor,

a first spring having one end coupled to the second
anchor and another end coupled to the third proof
mass, and

a second spring having one end coupled to the second
anchor and another end coupled to the fourth proof
mass.

10. The MEMS device of claim 1, further comprising;:

a first linking structure coupled between the second proot
mass and an actuator, the first linking structure com-
prises an L-shaped bar, a mid-section of the L-shaped
bar coupled to a second anchor near a corner of the
second proof mass on a side of the second proof mass

farthest away from the first proof mass, one end of the

L-shaped bar coupled to the second proof mass by a

first spring and an opposite end of the L-shaped bar
coupled to the actuator by a second spring, the actuator
configured to provide drive motion in the second direc-
tional axis and the first linking structure configured to
flexibly pivot about the second anchor and move the
second prool mass 1n the first directional axis.

11. The MEMS device of claim 1, further comprising:

a first sense electrode and a second sense electrode on the
surface of the substrate and respectively underneath
and separated from the first and second proof masses by
first and second distances 1n the third directional axis,
and

a third sense electrode and a fourth sense electrode on the
surface of the substrate and respectively underneath
and separated from the third and fourth proof masses by
third and fourth distances in the third directional axis.

12. The MEMS device of claim 11, wherein

the first and second proof masses are configured to move
in opposite directions 1n the third directional axis 1n
response to the angular velocity 1 the second direc-
tional axis, and

the first and second proof masses remain substantially 1n
parallel with the first and second sense electrodes as the
first and second proof masses respectively move toward
and away from the first and second electrodes 1n
response to the angular velocity 1 the second direc-
tional axis.

13. The MEMS device of claim 11, wherein

the third and fourth proof masses are configured to move
in opposite directions 1n the third directional axis 1n
response to the angular velocity 1n the first directional
axis, and

the third and fourth proof masses remain substantially 1n
parallel with the third and fourth sense electrodes as the
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third and fourth proof masses respectively move toward
and away from the third and fourth electrodes 1n
response to the angular velocity 1n the first directional
axis.
14. The MEMS device of claim 1, further comprising:
an actuator coupled to the fourth proof mass by a first

linking bar and a second linking bar;
a sense frame coupled to the fourth proof mass by a first

1solating bar and a second 1solating bar, wherein

the first and second linking bars do not contact the
sense frame, and

the sense frame 1s 1solated from drive motion provided
by the actuator; and

a first sense electrode and a second sense electrode on the

surface of the substrate, separated from one another by

a spacing distance in the first directional axis, the first

and second electrodes extend through an opening 1n the

sense frame, wherein
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the first and second sense electrodes are respectively
separated from a first and second sidewall of the
opening by a first and second distance in the first
directional axis, the second sidewall 1s opposite the
first sidewall.
15. The MEMS device of claim 1, wherein
the first, second, third, and fourth proof masses lie 1n a
common plane that i1s parallel to the surface of the
substrate,
the first proof mass has a first side that i1s closest to the
second proof mass and a second side that 1s closest to
the third proof mass, the second side 1s perpendicular to
the first side 1n the common plane, and
the fourth proof mass has a third side that 1s closest to the
third proof mass and a fourth side that 1s closest to the
second proof mass, the fourth side 1s perpendicular to
the first side 1n the common plane.
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